Riser slug flow poses a significant challenge to offshore oil production systems, most especially for oil fields in their later life. Active control of slugging through choking has been proven a practical approach in eliminating riser slug flow in oil production pipeline-riser systems. However, existing conventional active slug control systems may reduce oil production significantly due to excessive over choking. Again, some of the existing active slug flow control systems rely on seabed measurements, which are difficult to maintain, costly to install, unreliable, and seldom readily available. This study is an experimental investigation of the feasibility of active riser slug control by taking topside differential pressure measurement from the inlet of the venturi flow meter to the throat. Experimental results indicate that under active slug flow control, the system was able to eliminate slug flow at a higher valve opening when compared to manual choking. A valve opening of 24% with riser base pressure at 2.85 bar from open loop unstable of 23% was recorded, which is superior to manual choking which maintained flow stability up to 21% valve opening with riser base pressure of 3.8 bar.
INTRODUCTION
One of the most challenging flow regimes in riser pipeline systems is riser-induced severe slug flow because it can cause riser-pipeline system instability. During the later life of oil field production when reservoir pressure and production are low, riser-induced severe slug flows form in the pipeline-riser system because of low liquid and gas flow rates. Riser-induced severe slug flow consists of four cyclic processes which include the liquid slug buildup/formation, slugging production, gas infiltration and gas blowout/liquid fallback [1] , [2] . This transient four cycle process causes large fluctuations in pressure and flow rate of the system, creating problems in downstream facilities such as compressors, pumps, and separators, designed to operate under stable operating conditions. Riser-induced severe slug flow is an undesirable flow regime and has caused several operational problems such as:
 Overpressurisation of the separator: The maximum flow rates during gas and liquid upsurge might induce flooding and separator overpressurisation, which may lead to complete plant shutdown [4] .
 Increased back pressure: Increased back pressure at the wellhead may cause production termination and well abandonment [4] .
 Uneven flow: high liquid flow, followed by a large volume of gas delivery and then a period of no-flow. The result is unnecessary gas flaring, high-level trips and overpressurisation in the separator [5] .
 Increased mechanical stresses: High liquid flow velocities during blowdown periods and a highly varying liquid inventory in the riser cause stress and decrease the riser operating life [6] , [5] .
Riser-induced severe slug flow could be problematic in oil production systems offshore especially for oil fields in their later life. Considering different slug flow elimination methods proposed in the literature, active slug flow control has numerous benefits; it is less expensive than the implementation of new equipment, it requires less modification to the existing production systems, and also it eliminates slug thereby eliminating strain on the system. Hence there can be considerable financial savings on system maintenance.
The first application of active slug flow control can be found in the Ph.D. work of Schmidt in the 1970s, where severe slug flow was eliminated by choking the riser outlet flow. However, choking the riser outlet increases the backpressure, which reduces overall oil production. However, Jansen et al [7] report that using an automatic control valve at the riser outlet to regulate (control) the pressure at the riser base would reduce the backpressure needed to eliminate slug flow instead of choking the riser outlet flow manually. In reference to this principle, ASEA Brown Boveri (ABB) developed an active slug controller using upstream riser pressure as the measurement [8] , [9] .
The control solution in Havre et al [8] and Havre and Dalsmo [9] requires riser base pressure measurement, which is difficult to maintain, unreliable and expensive. However, to avoid the use of riser base pressure, an idea was proposed to maintain outlet riser flow at the steady condition to reduce the fluctuation induced by slug flow. To facilitate the multiphase flow measurement at the outlet riser, a small pre-separator was introduced between the first stage separator and the riser to provide both liquid and gas flow rates. This resulted in the development of Shell's Slug Suppression System (S 3 ) [10] and Shell's Vessel-less S 3 system [11] . The major disadvantage of this control solution is that it requires retrofit of the existing system for new devices installation.
While the S 3 and the Vessel-less S 3 are robust solutions for controlling gas surges and mitigating liquid slugs, they require the pre-separation of liquid and gas phases in each pipeline where slug flow could be a problem. The system requires two control valves which in combination with the separator may not be cost effective for some slug flow problems that only appear in a field's later life. Again, for some situations where multiple risers/pipelines have to be on-boarded to a single production facility, the S 3 is not a feasible option. A slug flow mitigation solution based on a single valve that can effectively control gas surges and mitigate liquid slugs is then a preferred option. Based on this principle, the Shell Smart Choke was developed, where the S 3 control algorithm is implemented on a single control valve. However, this solution was also based on controlling the flow rates [12] , [13] . Some other contributions on active slug flow control can be found, e.g. [14] , [15] , [16] , [17] , [18] , [19] .
In brief, the major contribution of the present paper is to investigate the feasibility of active slug control by taking the differential pressure measurement from the venturi inlet to the throat.
The remainder of the paper is structured as follows. Section II presents the experimental setup for the work. In Section III, the discussion and results are presented, and finally, the conclusion is presented in Section IV.
II. EXPERIMENTAL SETUP

A. The Multiphase Flow Facility
The Oil and Gas Centre at Cranfield University has a near industrial-scale multiphase flow test facility that is one of the best in the United Kingdom. It is a fullyautomated facility with a modern industrial standard distributed control system; this being a Fieldbus-based supervisory, control and data acquisition system, the DeltaV produced by Emerson Process Management group. A schematic of the rig is shown in Figure 3 .
The multiphase flow facility is a completely computerized high-pressure test rig structured to control and meter the flow rate of gas-liquid mixtures in the fluid metering section of the facility into the test section and then the separation section where the gas-liquid mixtures are further separated into their individual phases. The oil and water are cleaned in their respective coalescers after the final separation in the horizontal three-phase gravity separator before being returned to the repository vessel and the air is released into the atmosphere. A bank of two blowers/compressors supply the air. A peak air flow rate of 1410m 3 /hr Free Air Delivery (FAD) at seven bars can be supplied if the compessors are arranged in parallel [20] . An 8m 3 capacity receiver accumulates the air in order to maintain a constant pressure of the air from the compressors. After the receiver, the air flows through a bank of three filters (medium, coarse, fine) followed by a cooler so that condensates and debris are removed prior to entering the flow meters [20] . The water is provided from a water tank with 12.5m 3 capacity. Two multistage Grundfos CR90-5 pumps supply the water into the flow loop. Each pump has a duty of 100m 3 /hr at 10 bars and speed control is actuated by using frequency variables inverters. The water pumps are controlled remotely using the DeltaV SACDA system. The water flow rate is measured using a 1-inch Rosemount 8742 magnetic flow meter (up to 7.36 l/s) and 3-inch Foxboro CFT50 Coriolis meter (up to 30kg/s) [20] .
Following the experiment, the water and air are separated in an 11.12m 3 horizontal multiphase gravity separator. After separating and cleaning, the air is emitted into the atmosphere while water enters a 1.6m 3 coalescer where additionally cleaning takes place before being returned to the storage tank [20] . A schemetic of the venturi flow meter is presented in Figure 2 . 
B. The S-shape Riser Test Section
The riser test section where the experiment is carried out consists of a 2-inch S-shaped riser comprising a 3.5m topside section, a 5.7m vertical upper section, a 5.5m vertical lower section, a 1.5m down-comer, and a 40m horizontal pipeline. The S-shaped 2-inch pipe is transparent to allow observation of the different flow regimes. The desired flow regime is obtained by control of the flow rate is by adjusting the the valves via the DeltaV SCADA [20] . 
III. RESULTS AND DISCUSSIONS
A. Flow Regime
Flow regime maps are vital tools for obtaining an overview of the flow patterns that can be expected for a particular fluid condition. These maps depict the geometrical distribution of the flow moving through a pipeline. Different flow regimes such as bubbly, slug, churn and annular are used to depict this distribution [20] . Two-phase flow regimes have often been illustrated as maps, or plots, with the superficial phase velocities on each axis. 
B. S-shape riser pressure trend
At the flow condition of 10 Sm 3 /h and liquid flow rate of 1 kg/s with superficial velocities of 0.6941 m/s and 0.4952 m/s, respectively, a severe slug flow was observed as illustrated in Figure 6 . At this flow condition, the maximum and minimum pressure was 1.89 barg and 1.49 barg respectively. Hence, the magnitude of oscillation is 0.40 barg. The period of oscillation which is the time taken to complete one full oscillation or cycle was observed to be 20 seconds. All these observations indicated that the system is under severe slugging. 
C. System Stability (Bifurcation map)
Bifurcation map assessment is an investigation of system stability at a constant flow rate. A bifurcation can be obtained by keeping the flow rate constant and varying the valve openings (1% -100%). This investigation aims to identify the bifurcation point which is the most extreme valve opening at which the pipeline flow system becomes stable in open loop. This equates to the point at which the pipeline system becomes unstable due to an increase in the valve opening [14] . Analytically, this is equivalent to a pair of complex poles crossing over the imaginary axis of the complex s-plane, the Hopf bifurcation whereby stability is lost and seld-sustained oscillation or limit cycles may result. In designing the controller, the initial stage is to identify the system bifurcation point, that is, the highest valve opening for which the flow becomes steady in an open-loop flow condition [14] . This gives the reference point for the active slug controller to stabilize the flow in an open-loop unstable region as illustrated in Figure 7 . Figure 7 shows the bifurcation point for the boundary condition of the 2-inch S-shaped riser, where system stability was obtained at a valve opening of 21%, which corresponds to a pressure of 3.8 bars from the result of the bifurcation map. This is the highest choke valve opening for stable operations when no active slug control is applied, stabilising the system at the open-loop unstable region where u >21 % will be aimed for to obtain a desired stable non-oscillatory flow regime. D. Slug control using differential pressure from the venturi inlet to the venturi throat Figure 8 demonstrates that slug flow stability using differential pressure from the venturi inlet to the venturi throat stabilised the flow from a valve opening of 23% open-loop unstable to 24%. Figure 8a indicates that the riser system was unstable at valve opening of 23 % from zero until the controller was switched on at 300 seconds, which stabilised the system. The same process happened in Figure 8b , but in Figure 8c , the system was unstable even when the controller was switched on. A benefit of a 4% reduction in the riser base pressure from 2.95 barg to 2.85 barg was recorded with a 14 % increase in production. Hence, this demonstrates a superior control performance given that with manual choking the flow was stabilised at 21% valve opening. Figure 8 : Riser base pressure response with the equivalent valve opening using the differential pressure measurement from the venturi inlet-throat.
IV. CONCLUSION
An effort was made to control the riser slug flow by taking the differential pressure measurement from the venturi inlet to the throat. The controller was able to stabilise the flow with an acceptable control performance.
The experiment was successful; the flow was controlled satisfactorily far into the unstable slugging region. To mitigate the slug flow by manually choking the choke valve, it is important to operate with a valve opening of 21%. However, with the active slug controller, the flow could be controlled with an average valve opening of 24%, maximising oil production.
